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In this paper, we investigate localization of a bulk massless q-form field on codimension-one branes by 
using a new Kaluza–Klein (KK) decomposition, for which there are two types of KK modes for the bulk 
q-form field, the q-form and (q − 1)-form modes. The first modes may be massive or massless while 
the second ones are all massless. These two types of KK modes satisfy two Schrödinger-like equations. 
For a five-dimensional brane model with a finite extra dimension, the spectrum of a bulk 3-form field 
on the brane consists of some massive bound 3-form KK modes as well as some massless bound 2-form 
ones with different configuration along the extra dimension. These 2-form modes are different from those 
obtained from a bulk 2-form field. For a five-dimensional degenerated Bloch brane model with an infinite 
extra dimension, some massive 3-form resonant KK modes and corresponding massless 2-form resonant 
ones are obtained for a bulk 3-form field.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
In the 1920s, Kaluza and Klein presented a unified field the-
ory of gravitation and electromagnetism with the idea of a fifth 
dimension (one compact extra dimension) beyond the usual four 
of space and time. The Kaluza–Klein (KK) theory was a purely 
classical extension of general relativity to five dimensions. Sev-
eral decades later, the idea that the space–time may be more than 
four dimensions has attracted increasingly more attention, espe-
cially when the braneworld models were proposed [1–9], which 
were motivated by the classical problems such as cosmological 
and hierarchy problems. Extra dimensions are usually assumed 
to be compacted in order to not conflict with our visible four-
dimensional world. However, they may also be infinite if the brane 
has a tension and the matter fields or particles are confined on the 
brane, which is the idea of the Randall–Sundrum (RS) thin brane 
scenario [5]. In this thin brane scenario, the infinite extra dimen-
sions are invisible for a four-dimensional observer on the brane 
and the four-dimensional Newtonian potential can be recovered at 
large distances.
Subsequently, it was found that the RS thin brane can be gen-
eralized to more realistic thick branes generated dynamically by 
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SCOAP3.scalar fields and/or some other matter fields [10–28], or by pure 
gravity [29,30]. In the thick brane scenario, one should not simply 
assume that the matter fields are trapped on the brane since the 
energy density of the brane smoothly distributed along the extra 
dimensions; therefore, it is important and interesting to investigate 
localization mechanisms for various bulk matter fields [31–55]. On 
the other hand, investigations of the Kaluza–Klein (KK) modes of 
bulk fields can provide a way to probe extra dimensions. For exam-
ple, the massive KK modes for a metric and a vector field can give 
corrections to Newton’s law and Coulomb’s law, respectively (the 
zero modes for them are responsible for the well-known Newton’s 
law and Coulomb’s law at low energy) [5,56–58]. So it is neces-
sary to get the mass spectra and eigenfunctions of these bulk fields 
through a localization mechanism.
In this paper, we focus on the localization of a massless q-form 
field on a codimension-one p-brane. The action of the q-form field 
X[q] in the bulk is written as [37]
S = − 1
2(q + 1)!
∫
dDx
√−gY M1M2···Mq+1YM1M2···Mq+1 , (1)
where the field strength Y [q+1] is defined as Y [q+1] = dX[q] or 
YM1M2...Mq+1 = ∂[M1 XM2...Mq+1] . The 0-form and 1-form fields are 
just scalar and vector fields. The higher q-form fields with q ≥ 2
are new types of fields in a higher-dimensional space–time with 
dimension D > 4, which are used to solve some unknown prob-
lems such as the cosmological constant problem or dark energy  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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cal obstructions, there is the well-known Hodge duality, namely, a 
bulk q-form field X[q] is dual to a bulk (p − q)-form field X[p−q]
[37]. So there is a question how to make sure the q-form and its 
dual fields are simultaneously localized on the brane. That is why 
we proposed a new localization mechanism for the q-form field in 
Ref. [60] different from those in Refs. [37,61].
The line element is assumed as
ds2 = e2A(z) (gˆμν(xλ)dxμ dxν + dz2), (2)
where A(z) is the warp factor depending only on the extra dimen-
sion coordinate z, and gˆμν(xλ) is the induced metric on the brane. 
In Ref. [61], based on the following ansatz for the zero mode:
Xμ1μ2···μq (xμ, z) = Xˆ (n)μ1μ2···μq (xμ), (3a)
Xμ1μ2···μq−1z(xμ, z) = 0, (3b)
where the ˆ indicates the effective quantities on the brane, it was 
concluded that the zero (massless) mode of a massless q-form 
field with q ≥ (p − 1)/2 in the bulk cannot be localized on the RS 
p-brane, which indicates that only the zero mode of the scalar (the 
0-form field) is trapped to the brane in the case of p = 3 (while 
the zero mode of the 3-from field cannot be localized). This result 
conflicts with the well-known Hodge duality in the bulk without 
topological obstructions [62].
In order to solve the above contradiction, Duff and Liu sug-
gested to keep the ansatz (3) for q < (p − 1)/2 but modify it for 
q ≥ (p − 1)/2 as [37]
Xμ1μ2···μq (xμ, z) = 0, (4a)
Xμ1μ2···μq−1z(xμ, z) = Xˆ (n)μ1μ2···μq−1(xμ). (4b)
With this new KK decomposition, Hodge duality in the bulk im-
plies Hodge duality on the brane for the zero modes. However, 
Hodge duality on the brane for other KK modes cannot be ob-
tained.
In order to further complete the investigation of localization 
and Hodge duality of q-form fields on the p-brane, we recently 
proposed a new general KK decomposition for a bulk q-form field 
without choosing a gauge in advance: [60]
Xμ1μ2···μq (xμ, z) =
∑
n
Xˆ (n)μ1μ2···μq (x
μ) U (n)1 (z) e
(2q−p)A/2,
(5a)
Xμ1μ2···μq−1z(xμ, z) =
∑
n
Xˆ (n)μ1μ2···μq−1(x
μ) U (n)2 (z) e
(2q−p)A/2,
(5b)
where the index n marks different KK modes. There are two types 
of KK modes, the q-form modes Xˆ (n)[q] and the (q − 1)-form ones 
Xˆ (n)[q−1] . The functions U
(n)
1 (z) and U
(n)
2 (z) give respectively the dis-
tributions of the two types of KK modes along the extra dimension. 
They satisfy two non-independent Schrödinger-like equations [60], 
which will lead to some interesting results about the localization 
of these KK modes if we consider explicit brane models. With this 
KK decomposition new results for Hodge dualities were discovered. 
It was found that the Hodge duality in the bulk naturally results 
in two dualities on the brane. One is the duality between the 
zero modes Xˆ (0)[q] and Xˆ
(0)
[p−q−1] , or between Xˆ
(0)
[q−1] and Xˆ
(0)
[p−q] . The 
other is between two group KK modes, ( Xˆ (n)[q] , Xˆ
(n)
[q−1]) and ( Xˆ
(n)
[p−q] , 
Xˆ (n)[p−q−1]), where Xˆ
(n)
[q] and Xˆ
(n)
[p−q] are massive while Xˆ
(n)
[q−1] and 
Xˆ (n)[p−q−1] are massless. The effective field theories on the brane for 
these dual KK modes are physically equivalent [60].In this paper, we would like to investigate localization and 
mass spectra for bulk q-form fields in two typical brane models 
by following the general KK decomposition (5). We first consider 
a p-brane model with a finite extra dimension [45]. Using nu-
merical method we will find that for a bulk 3-form field, there 
are some massive bound 3-form KK modes Xˆ (n)[3] and a series of 
massless bound 2-form ones Xˆ (n)[2] with different extra dimensional 
configurations U (n)2 on the 3-brane. These 2-form KK modes are 
different from those got from a bulk 2-form field, because they 
come from the 2-form parts of a bulk 3-form field, as we can 
see from (5b). Besides, there are continuous unbound KK modes. 
Then we move to a degenerated 3-Bloch brane model [48]. For the 
bulk 3-form field, some resonant massive 3-form modes and the 
corresponding massless resonant 2-form ones appear. The n-level 
(n > 0) bound/resonant massive 3-form KK mode always has op-
posite parity with the n-level (n > 0) massless 2-form one.
This paper is organized as follows. We first review the new lo-
calization mechanism for a bulk q-form field on codimension-one 
p-branes in Sec. 2. Then we investigate the bound KK modes and 
the resonant ones for a bulk 3-form field in different p-brane mod-
els in Sec. 3. Finally, a brief conclusion is given in Sec. 4.
2. Review of the new localization mechanism
In this section, we briefly review the new localization mech-
anism for a bulk q-form field on codimension-one p-branes pro-
posed in Ref. [60]. The action and line element are given in Eqs. (1)
and (2), respectively. Substituting the general KK decomposition (5)
into the action (1) for the q-form field, we get [60]
Seff = − 12(q + 1)!
∑
n,n′
∫
dp+1x
√
−gˆ
[
I(1)nn′ Yˆ
μ1···μq+1
(n) Yˆ
(n′)
μ1···μq+1
+ I(2)nn′ Yˆ
μ1···μq
(n) Yˆ
(n′)
μ1···μq + I(3)nn′ Xˆ
μ1···μq
(n) Xˆ
(n′)
μ1···μq
+ 2I(4)nn′ Yˆ
μ1···μq
(n) Xˆ
(n′)
μ1···μq
]
, (6)
where we have assumed that U (n)1,2(z) satisfy the following or-
thonormality conditions:
I(1)nn′ ≡
∫
dz U (n)1 U
(n′)
1 = δnn′ , (7a)
I(2)nn′ ≡
q2
q + 1
∫
dz U (n)2 U
(n′)
2 = (q + 1) δnn′ , (7b)
and I(3,4)nn′ are defined as
I(3)nn′ ≡
1
q + 1
∫
dz e(p−2q)A∂z(U (n)1 e
(2q−p)A/2)∂z(U (n
′)
1 e
(2q−p)A/2),
(8)
I(4)nn′ ≡
q
q + 1
∫
dz e(p−2q)A/2U (n)2 ∂z(U
(n′)
1 e
(2q−p)A/2). (9)
From the KK decomposition, we see that there will be two 
types of KK modes for the bulk q-form field, i.e., the q-form KK 
modes Xˆ (n)[q] and the (q − 1)-form ones Xˆ (n)[q−1] . Further with the 
effective action (6), it is known that if the orthonormality condi-
tions (7a) and (7b) can be satisfied, these two types of KK modes 
will be localized on the brane, and they couple with each other 
(in fact they can be decoupled if we choose a suitable gauge [60]). 
We also note that the (q − 1)-form KK modes are always massless, 
while the q-form ones may be massless or massive.
We can introduce a mass parameter mn for the massive q-form 
KK modes for simplicity, i.e., I(3)′ = mn δnn′ . For different massive nn
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sense, all the (q − 1)-form KK modes seem to be the same on the 
brane, as they are all massless. However, in a higher-dimensional 
perspective, the KK modes have different distributions along the 
extra dimension. If we consider a thick brane, whose energy den-
sity also distributes along the extra dimension, there will be differ-
ent probabilities for detecting the KK modes on different positions 
of the thick brane. Therefore, the massless (q − 1)-form KK modes 
are in fact different along the extra dimension, which are described 
by the functions U (n)2 (z).
In order to deeply analyze the properties of these KK modes 
for the bulk q-form field, we need the equations they satisfy. To 
this end, we can derive the equations of motion for the KK modes 
from the effective action (6). On the other hand, we can substi-
tute the KK decomposition (5) into the equations of motion for the 
bulk q-form field, and get another group of equations of motion. 
Comparing the two groups of equations, we finally find that the 
KK modes satisfy the following coupled equations [60]:
∂zU
(n)
2 (z) +
p − 2q
2
A′(z) U (n)2 (z) = −
q + 1
q
mnU
(n)
1 (z), (10a)
∂zU
(n)
1 (z) −
p − 2q
2
A′(z) U (n)1 (z) = +
q
q + 1mnU
(n)
2 (z), (10b)
which can also be written as two non-independent Schrödinger-
like equations:
[− ∂2z + Vq,1(z)] U (n)1 (z) =m2n U (n)1 (z), (11a)[− ∂2z + Vq,2(z)] U (n)2 (z) =m2n U (n)2 (z), (11b)
where the effective potentials are given by
Vq,1(z) = (p − 2q)
2
4
A′ 2(z) + p − 2q
2
A′′(z), (12a)
Vq,2(z) = (p − 2q)
2
4
A′ 2(z) − p − 2q
2
A′′(z). (12b)
Then with a given brane solution, we can use the equations (11a)
and (11b) to calculate the mass spectrum mn and the wave func-
tions U (n)1 (z) and U
(n)
2 (z) for the q- and (q −1)-form KK modes, re-
spectively. And the results are different from the former works [45,
63,64], where only the Schrödinger-like equation (11a) was found.
Not all the KK modes solved from (11a) or (11b) can be local-
ized on the brane, since the orthonormality conditions (7a) or (7b)
cannot be satisfied automatically. In this paper, we are interested 
in the bound and resonant KK modes, which are the modes that 
can be localized and quasi-localized on the brane, respectively. The 
bound KK modes can be localized on the brane forever, while the 
resonances have finite lifetimes on the brane. Which types of KK 
modes will appear is determined by the brane solution. In the fol-
lowing discussion, we will consider two different p-brane models, 
i.e., a p-brane with a finite extra dimension and a degenerated 
3-Bloch brane with an infinite extra dimension, and investigate 
these KK modes for the bulk q-form field under the above new 
localization mechanism.
3. New results under the localization mechanism
We have known that under the general KK decomposition (5)
there will be some q-form KK modes and (q − 1)-form ones for 
a bulk q-form field. It is also interesting to note that under the 
localization mechanism reviewed in previous section, if the or-
thonormality condition (7a) for a n-level massive q-form KK mode 
is satisfied, which will lead to the localization of this mode on the 
brane, the orthonormality condition (7b) will also be satisfied. This 
can be derived from Eqs. (10b) and (11a):Fig. 1. The shapes of the effective potentials V3,1(z) and V3,2(z) for the warp factor 
(16) with p = q = 3, v = 5, a = 1.
I(2)nn′ =
q + 1
m2n
∫
dz
(
∂zU
(n)
1 (z) −
p − 2q
2
A′(z) U (n)1 (z)
)
(
∂zU
(n′)
1 (z) −
p − 2q
2
A′(z) U (n
′)
1 (z)
)
= (q + 1)
∫
dz U (n)1 (z) U
(n′)
1 (z). (13)
This means that there will be a localized n-level massless (q − 1)-
form KK mode accompanying with a localized n-level massive 
q-form one. However, for the 0-level KK modes, the q-form and 
the (q − 1)-form decouple from each other, and at most only one 
of them can be localized. These new results can also be under-
stood under supersymmetric mechanism [60]. So in the following 
we will expect to find some massless bound/resonant (q − 1)-form 
KK modes, not only the q-form ones as that appeared in the for-
mer works.
3.1. Bound KK modes
In Ref. [45], the authors gave a p-brane solution with a fi-
nite extra dimension, which is constructed by two scalar fields φ
and π . The action of this system is
S =
∫
dDx
√−g
[
1
2κ2D
R − 1
2
(∂φ)2 − 1
2
(∂π)2 − V (φ,π)
]
. (14)
Then, with the conformally flat metric (2) and using the super-
potential method, the solution for the brane system was found as 
[45]
φ = v tanh (az), π = √p A, (15)
A = − v
2
3p
[
ln cosh2 (az) + 1
2
tanh2 (az)
]
, (16)
where a and v are parameters.
With the warp factor (16), the effective potentials Vq,1(z) and 
Vq,2(z) in (12) for the q- and (q − 1)-form KK modes can be got, 
for which the asymptotic behaviors are
Vq,1(0) = −Vq,2(0) = −a
2v2(p − 2q)
2p
, (17)
Vq,1(z → ∞) = Vq,2(z → ∞) → a
2v4(p − 2q)2
9p2
. (18)
It is clear that Vq,1(z) and Vq,2(z) have opposite values at z = 0, 
but the same value at infinity, and they are Pöschl–Teller-like (PT-
like) potentials with v2 > 9p2|p−2q| . Thus there always exist some 
bound KK modes for any q-form field.
Here we take a bulk 3-form field as an example to numeri-
cally solve Eqs. (11a) and (11b) and get the bound KK modes. The 
shapes of the effective potentials for the bulk 3-form field are plot-
ted in Fig. 1 for p = q = 3, v = 5, a = 1.
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(n)
2 (z) for the bound KK modes of a 3-form field on a 3-brane with a finite extra dimension with p = q = 3, v = 5, a = 1.The mass spectrum for the bound 3-form KK modes U (n)1 is 
solved from the Schrödinger-like equation (11a) as
m2n = (22.958,41.725,56.041,65.513), (19)
which shows that there exist four massive bound 3-form KK 
modes. Note that there is no massless mode, because the poten-
tial is positive.
For the massless 2-form KK modes, there exists a bound 0-level 
mode (the ground state U (0)1 ) besides four excited bound modes 
corresponding to the same mass spectrum as in (19). All the 
five KK modes are normalizable (i.e., 
∫
dz
(
U (n)2
)2
< ∞) since 
they exponentially decay to zero at the boundary of extra di-
mension. Note that although we get a mass spectrum m2n =
(0, 22.958, 41.725, 56.041, 65.513), all the 2-form KK modes are 
massless and the mass parameters come from the couplings with 
the 3-form KK modes.
We plot the shapes of U (n)1 (z) and U
(n)
2 (z) for the massive 
bound 3-form KK modes and the corresponding massless 2-form 
ones in Fig. 2. It is clear that the parities of the U (n)1 (z) and U
(n)
2 (z)
(n ≥ 0) are opposite. The wave function U (1)1 (z) for the 1-level 
massive bound 3-form KK mode is even, and the corresponding 
U (1)2 (z) for the 1-level massless 2-form mode is odd. This is be-
cause there is a 0-level localized massless 2-form mode solved 
from (11b).
According to above analyse, in this background with v2 >
9p
2|p−2q| , if we consider a bulk 1-form (vector) field, there must ex-
ist some bound 1-form KK modes accompanying with some bound 
0-form (scalar) ones. It seems similar to the Stueckelberg action for 
a massive vector field. The difference is that for the Stueckelberg 
mechanism the scalar field is responsible for the mass of the vec-
tor field, but here it suggests that the masses of vector fields are 
because of the geometry of the brane background, and the corre-
sponding scalar fields are just one part of the higher dimensional 
massless vector field.
3.2. Resonant KK modes
For the massive q-form resonances, they in fact share some 
similarities with the bounded ones. We know that, in some 
braneworld models, there are no bound KK modes that can be 
localized on the brane; but some discrete modes can be quasi-
localized on the brane (these modes are called KK resonances). 
This means that within a finite time the four-dimensional KK par-
ticles on the brane can be obtained, but they will propagate into the bulk at last. For these KK resonances the relationship (13) is 
also satisfied, which indicates that if there is a massive q-form 
resonance, there will be an accompanying massless (q − 1)-form 
one. This conclusion is similar to the case of the bound KK modes, 
which will be discussed in this section.
To investigate the resonant KK modes, we consider a degener-
ated 3-Bloch brane, which is also constructed by two scalars. For 
this brane system, the line element is assumed as
ds2 = e2A(y)ημνdxμdxν + dy2, (20)
where y stands for the extra dimension. Here, we only list the 
solution of the warp factor [17,48,65]:
e2A(y) =
(
c0 − u
c0 − u cosh (2bdy)
)4v2/9
× exp
[
4uv2
9
(
u − c0 cosh (2bdy)
(c0 − u cosh (2bdy))2 −
1
u − c0
)]
, (21)
where b, d, u, c0 are constants, and u =
√
c20 − 4. For u → 0, there 
will appear a double brane, which is called a degenerated Bloch 
brane. For convenience, we redefine u = 4e−δ0 with δ0 ≥ 1 [48].
After a coordinate transformation dz = e−Ady, the effective po-
tentials (12a) and (12b) for the KK modes of the 3-form field can 
be rewritten in y-coordinate as
V (z(y))q,1 = e2A
[
(3− 2q)2 + 2(3− 2q)
4
(∂y A)
2 + 3− 2q
2
∂2y A
]
,
(22)
V (z(y))q,2 = e2A
[
(3− 2q)2 + 2(2q − 3)
4
(∂y A)
2 + 2q − 3
2
∂2y A
]
.
(23)
We also consider a bulk 3-form field. Then with the solution of the 
warp factor (21), the shapes of the effective potentials (22) and 
(23) in this brane model are shown in Fig. 3(a) with d = 1, b =
6, δ0 = 25. We see that for both potentials there are potential bar-
riers, which will lead to some resonances.
We can use the method in Ref. [44] to find resonances. We de-
fine the relative probability for the KK mode within a narrow range 
−zb ≤ z ≤ zb around the thick brane location [44]:
Pi =
∫ zb
−zb |U
(n)
i |2dz∫ zmax |U (n)|2dz , (i = 1,2) (24)−zmax i
184 C.-E. Fu et al. / Physics Letters B 757 (2016) 180–186Fig. 3. The shapes of the effective potentials V3,1(z(y)) and V3,2(z(y)), and the relative probabilities P1 and P2 for a 3-form field in a degenerated 3-Bloch brane with 
d = 1, b = 6, δ0 = 25.
Fig. 4. The shapes of U (n)(z) and U (n)(z) for the resonant KK modes of a bulk 3-form field in a degenerated 3-Bloch brane with d = 1,b = 6, δ0 = 25.1 2Table 1
The mass m2, width δm, and lifetime τ for resonances of a 3-form field in a degen-
erated 3-Bloch brane with d = 1, b = 6, δ0 = 25.
n m2 m δm τ
1 0.483 0.695 0.027 37.551
2 1.914 1.384 0.091 10.948
3 4.306 2.075 0.227 4.404
4 7.711 2.777 0.603 1.658
where we choose zmax = 10zb . For different KK modes the U (n)1
and U (n)2 can be solved respectively from Eqs. (11a) and (11b) with 
two kinds of initial conditions: U (n)i (z) = 0, U ′ (n)i (z) = hi for odd 
KK modes, and Ui(z) = ki, U ′i(z) = 0 for even ones, where hi and 
ki are arbitrary nonvanishing constants but they can be determined 
by some normalization conditions. Then a large relative probability 
Pi will indicate the existence of a resonance.
There are also expected to be some massive 3-form resonant KK 
modes, and some accompanying massless 2-form ones. For the for-
mer, they can be numerically calculated from the Schrödinger-like 
equation (11a) or (11b). The mass spectrum and their lifetime τ 1
of the 3-form resonances are listed in Table 1. The pictures for P1
and P2 are shown in Figs. 3(b) and 3(c). From Table 1 we see that 
the heavier resonances will have shorter lifetime on the brane.
Then the massless 2-form resonances can be found from 
the Schrödinger-like equation (11b). We plot the wave functions 
U (n)1 (z), U
(n)
2 (z) in Fig. 4, from which one can see that the wave 
function for 1-level massive 3-form resonance U (1)1 (z) is even, 
but the corresponding 1-level massless 2-form one U (1)2 (z) is odd. 
1 The τ is defined as τ ∼ (δm)−1 with δ the width in mass at half maximum of 
each peak in Fig. 3(b) or 3(c) [44].This is because there is a 0-level massless bound 2-form mode 
U (0)1 (z) ∝ e−3A/2, which is an even function. So that other n-level 
3-form modes also have opposite parities with the n-level 2-form 
ones.
Through our above discussions about the localization of the q-
form field, it is interesting to note that there are some similarities 
to the fermions localization [44,66]. Firstly, the two Schrodinger-
like equations for the q-form and (q − 1)-form KK modes can be 
written by analoguos supersymmetric operators just like those for 
left-handed and right-handed fermions in braneworld models de-
tailed in Ref. [66]:
QQ† U (n)1 (z) =m2nU (n)1 (z), (25)
Q†Q U (n)2 (z) =m2nU (n)2 (z), (26)
with the operator Q given by Q = ∂z + p−2q2 A′(z). This ensures 
the absence of negative eigenvalues. Secondly, the eigenfunctions 
for the q-form and (q − 1)-form KK modes have opposite parities 
as shown in Figs. 2 and 4, which was also verified for the left-
handed and right-handed fermions in Ref. [44]. The difference for 
the q-form field and fermion localization is that for the fermion 
the left- and right-handed fermions share the same mass spectra 
except for the zero modes; but for the q-form field, the q-form KK 
modes are massive while the (q −1)-form KK ones are all massless.
4. Conclusion
In this work, using a localization mechanism for a bulk q-form 
field without any prior gauge choice, we investigated the KK modes 
of the field on p-branes with codimension one. It was found that 
there may exist some q-form and (q − 1)-form KK modes for the 
bulk q-form field. These two types of KK modes satisfy two non-
independent Schrödinger-like equations, which indicates that at 
C.-E. Fu et al. / Physics Letters B 757 (2016) 180–186 185most one of the 0-level q-form and (q − 1)-form modes can be 
localized on the brane, but a localized n-level (n = 0) massive 
q-form mode will appear accompanying with a localized n-level 
massless (q − 1)-form mode. These results are new and different 
from the former works. Note that, with this localization mecha-
nism, the Hodge dualities for both zero modes and nonzero modes 
on the brane can be naturally realized.
To see these new results clearly, we investigated the KK modes 
of a bulk q-form field in different p-brane models. On a 3-brane 
with a finite extra dimension, through some numerical calculations 
for a bulk 3-form field, we found some massive 3-form bound KK 
modes and the corresponding massless 2-form bound ones. While 
on a degenerated 3-Bloch brane with an infinite extra dimension, 
some massive 3-form resonances and massless 2-form ones are ob-
tained. In both models, the wave functions U (n)1 (z) for the 3-form 
KK modes and U (n)2 (z) for the 2-form KK modes have opposite par-
ities, which is a result of the coupled equations (10).
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